Society faces the complex challenge of supporting biodiversity and ecosystem functioning, while ensuring food security by providing safe traceable food through an ever-more-complex global food chain. The increase in human mobility brings the added threat of pests, parasites, and invaders that further complicate our agroindustrial efforts. DNA barcoding technologies allow researchers to identify both individual species, and, when combined with universal primers and high-throughput sequencing techniques, the diversity within mixed samples (metabarcoding). These tools are already being employed to detect market substitutions, trace pests through the forensic evaluation of trace "environmental DNA", and to track parasitic infections in livestock. The potential of DNA barcoding to contribute to increased security of the food chain is clear, but challenges remain in regulation and the need for validation of experimental analysis. Here, we present an overview of the current uses and challenges of applied DNA barcoding in agriculture, from agro-ecosystems within farmland, to the kitchen table. primers with broad binding affinity combined with high-throughput sequencing allow the parallel sequencing of thousands of barcodes to identify multiple species in a mixed sample (Pompanon et al. 2012; Taberlet et al. 2012b ). Although we focus on the utility of DNA barcoding and metabarcoding for agriculture in this review, we also discuss other molecular methods of identification, such as real-time PCR, in our perspectives on developing techniques.
The challenge of feeding 9-10 billion (bn) people by 2050 means that increasing agricultural capacity and efficiency is of great importance, but significant food security challenges are posed by anthropogenic pressures, global climate change, and the resulting environmental and biotic changes such as the movement of pest population ranges (Godfray et al. 2010; Godfray 2011) . It is necessary to employ the latest techniques to maximise yields and consumer safety, whilst also farming sustainably in agro-ecosystems which are increasingly intensified. Genetic and genomic techniques have been very useful for plant and animal breeders to maximise fitness and create genetically modified organisms (Herdt 2006; Zivy et al. 2015 ) that are capable of wider climate tolerances and pest resistance. Research into new molecular techniques and their applications are increasing at a rapid pace.
Over the last ten years there has been an explosion in the use of DNA barcoding as a tool for eukaryote identification (Hebert et al. 2003) , with many papers cited by this review published in the preceding two or three years.
DNA barcodes are small, generally species-specific fragments of DNA. Standard regions include a 658bp region of the cytochrome c oxidase subunit 1 (COI) mitochondrial gene in animals (Hebert et al. 2003) or other regions, for example ~800bp of matK and ~600bp of rbcL in plants (CBOL Plant Working Group 2009) or the internal transcribed spacers of nuclear ribosomal DNA in plants and fungi (Schoch et al. 2012) . These are extracted, PCR amplified, and sequenced, using Sanger sequencing or, increasingly, high-throughput sequencing (HTS). These sequences can be used to identify and differentiate existing species when matched against existing databases, e.g. GenBank, Barcode of Life Data System (BOLD) (Ratnasingham and Hebert 2007) , and integrated into the identification and species delineation of new taxa (Hubert and Hanner 2015) . Known as metabarcoding,
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While the identification of individuals will remain important, DNA barcoding is moving towards the identification of whole communities (Cristescu 2014; Gibson et al. 2015) , known as metabarcoding (Taberlet et al. 2012a) . Agro-ecosystems are one such community, with species diversity being linked to ecosystem services (Balvanera et al. 2006 ) and negatively correlated with farming intensity (Kleijn et al. 2009 ). In metabarcoding, bulk samples are collected en masse, combined, mass-amplified, sequenced with high-throughput sequencing, and subjected to bioinformatic analysis . It is a molecular approach to examine species diversity and trophic interactions, which could be developed for repeated measures of biodiversity on large spatial scales.
Specifically within agricultural landscapes, schemes exist to increase biodiversity and support ecosystem services, some of which form part of international goals such as the EU's Common Agricultural Policy (CAP) "greening" component, which links subsidies to environmentally-friendly farming practices (EUR-Lex-52011PC0625 2011), or on a smaller local scale such as conservation agriculture interventions.
Monitoring is a key component of any scheme to evaluate whether levels of biodiversity are being supported or increased (Targetti et al. 2014) . Although crucial, monitoring using the existing methods of trapping and visual assessments is often time-consuming and expensive (Ji et al. 2013; Targetti et al. 2014) . Metabarcoding has been proposed as a fast, cheap, and auditable way to monitor biodiversity, which is less reliant on taxonomic expertise that is often expensive and unevenly distributed around the globe (Ji et al. 2013; Gibson et al. 2015; Syaripuddin et al. 2015) . If implemented, it has been suggested that metabarcoding will allow us to move from monitoring indicator species, the use of which is sometimes problematic (Moonen and Bàrberi 2008) , to taking measures of whole biodiversity. Payments in Page 5 of 46 Genome Downloaded from www.nrcresearchpress.com by 2.25.220.23 on 10/11/16
"greening" schemes of agricultural settings could even be made contingent on biodiversity outcomes with this information (Ji et al. 2013) .
Environmental DNA (eDNA) will be useful for monitoring species diversity in water or soil resources within agro-ecosystems. eDNA sampling involves the extraction of exogenous DNA without first isolating target organisms for sequencing (Taberlet et al. 2012a; Yang et al. 2014) . Methods development is ongoing, but research effort has concentrated on monitoring fish and aquatic invertebrate communities from DNA extracted from filtered water (Lodge et al. 2012; Thomsen et al. 2012) . In the context of agro-ecosystems, these techniques could supplement studies of the ecological impacts of agriculture on species diversity, such as the impacts of run-off into adjacent waterways. eDNA could similarly be extracted from soil to monitor the diversity of soil-dwelling invertebrates, fungi and bacteria (Orgiazzi et al. 2015) , which are all affected by ongoing agricultural activity (Caldwell et al. 2015) , but are also linked to ecosystem functioning (Bender et al. 2016) .
Several regulatory and industrial bodies are supporting biodiversity assessments with eDNA assays in conjunction with metabarcoding, assisted by the rapid sampling protocols and apparently high detection rates relative to traditional sampling methods (Biggs et al. 2015) . Farmers or volunteer citizen scientists could easily play a role in the collection of eDNA samples such as water or soil, which might also facilitate citizen-scientist monitoring of species which are not charismatic or easily identifiable (Janzen et al. 2005; Adamowicz and Steinke 2015; Ugochukwu et al. 2015) . Citizen scientist data from morphological identifications is already feeding into policy reports (Geijzendorffer et al. 2015) , which could usefully reduce the considerable amount of person-hours required for monitoring. Yet researchers have highlighted issues with the use of eDNA, which necessitates knowledge of the ecologies of eDNA and the For personal use only. This Just-IN manuscript is the accepted manuscript prior to copy editing and page composition. It may differ from the final official version of record. originating organism. eDNA accumulation and degradation rates need to be quantified along with assay sensitivity. Mechanical processes, animal behaviour, and weather conditions are known to influence the degradation of DNA (Andersen et al. 2012; Pilliod et al. 2014) , and the extent to which eDNA disperses throughout the environment must be reliably quantified if the presence of a species is to be inferred (Goldberg et al. 2015) . eDNA originates from dead individuals as well as live ones, although repeated measurements over time will give an idea as to the persistence of DNA within a given environment, which could indicate whether an individual is alive (Ardura et al. 2015) . An alternative to this may involve the use of environmental RNA (eRNA), which is generally less stable than DNA and therefore is more likely to indicate ongoing gene transcription (Barnes and Turner 2016) .
Characterising trophic interactions
DNA barcoding allows researchers to examine trophic interactions within agroecosystems (Clare 2014), contributing, for example, to our understanding of how farmland predators regulate pest species (Piñol et al. 2014; Furlong 2015) .
Traditionally, understanding predator-prey interactions required morphological examination of gut contents, faeces, and regurgitated pellets, with poor and taxonomically biased resolution (Sheppard and Harwood 2005) . When gut contents contain liquids such as blood, haemolymph, or sap, species-specific interactions are very difficult to determine without molecular analysis. By examining gut contents or faeces with DNA barcoding (sometimes termed molecular scatology), we can examine trophic interactions in a non-invasive way which also has the potential for higher taxonomic resolution . This high-resolution analysis of interactions holds promise for improving our understanding of entire interaction networks (Roslin and Majaneva 2016) and, when applied to vulnerable farmland predators (e.g. aerial insectivores), could provide valuable information on subtle differences in how species use habitats set aside for conservation.
Some trophic interactions will be directly linked to ecosystem services such as pollination or biocontrol of weed seeds and invertebrate pests (Kearns et al. 1998; Klein et al. 2007; Bohan et al. 2011) . For example, the faeces of 108 avian species were subject to DNA barcoding to determine the main predators of an economically important invertebrate pest of coffee (Karp et al. 2014 ). This information can be used to develop strategies to attract and retain target predators that are important in conservation biocontrol. The production of fruits, grains, and nuts is reliant on the essential ecosystem service of pollination. Metabarcoding can identify thousands of plant-pollinator interactions from samples of pollen from bees, presenting a genuine advantage over traditional pollen analysis using light microscopy, which is timeconsuming and often yields only coarse taxonomic resolution (Wilson et al. 2010; Clare et al. 2013; Sickel et al. 2015; Bell et al. 2016) . One study recently identified 650 plant taxa (95% to species level) using the ITS2 region of 384 mixed pollen samples collected from bees (Sickel et al. 2015) .
Another important ecosystem service is invertebrate pest control provided by parasitoids. DNA barcoding has revealed host-parasitoid dynamics, showing that host-parasitoid specificity is underestimated (Smith et al. 2006 (Smith et al. , 2007 Moreno-Ripoll et al. 2012; Alex Smith et al. 2013 ). Labour-intensive rearing traditionally revealed links between hosts and parasitoids, whereas molecular methods can be used to barcode parasitoid gut contents or traces of parasitoid DNA on hosts (Hrcek et al. 2011 ). This research has provided evidence that there are many more parasitoid species than previously realised: morphological identification is difficult (Hrcek and Godfray 2015) , and DNA barcoding has suggested that generalist parasitoids are actually several host-specific cryptic species in some cases (Smith et al. 2006; Zhang et al. 2011 ). The addition of cryptic taxa in ecological networks has the potential to change our understanding of their structure and function (Wirta et al. 2014; Hrcek and Godfray 2015) , for example, by altering the number and identities of trophic links (Hrcek et al. 2011) , as well as our understanding of the role of parasitoids in the biocontrol of pests.
Identification of agricultural pests
Crop damage from pests causes significant revenue loss and threatens food security (Godfray et al. 2010) . Annual costs of damage from insect pests are estimated at $12bn in Brazil (Oliveira et al. 2013) , and $14.4bn in the USA (Pimentel et al. 2005) .
The best predictor of the number of invasive alien species within a country is its degree of international trade, indicating that damage from invasive pests is likely to increase as a result of the globalised agri-food supply chain (Westphal et al. 2008 ).
The identification of invertebrate and weed pests will be important both in ports and in a domestic scenario to record and control invasions, where DNA barcoding is facilitating the rapid and accurate identification and tracking of agricultural pests (Scheffer et al. 2006; Ball and Armstrong 2008; Floyd et al. 2010; Comtet et al. 2015; Tyagi et al. 2015) .
The morphological identification of invertebrate pests can be problematic. Accurate identification may require highly skilled taxonomic expertise such as the dissection of male genitalia for identification (e.g. Pauly et al. 2015) , which can be complex and time-consuming. Sometimes only immature life stages are collected, which lack distinguishing characteristics, or do not retain colouration in storage media such as ethanol. One option is to rear the stages to adulthood, but again this requires both Page 9 of 46 Genome Downloaded from www.nrcresearchpress.com by 2.25.220.23 on 10/11/16
For personal use only. This Just-IN manuscript is the accepted manuscript prior to copy editing and page composition. It may differ from the final official version of record. space and time for development, and specialist resources such as temperaturecontrolled rooms and technicians. There are now multiple examples of molecular methods being used to identify invertebrates at different life stages, for example, the immature stages of syrphid and Bradysia (pests of greenhouse crops) fly species (Gomez-Polo et al. 2014; Shin et al. 2015) .
Species leave traces of their presence in the environment, which can also be investigated with DNA barcoding, even after the individual is no longer present in the area. Trace DNA can exist for a significant amount of time; for example, spider and prey DNA was detected from the webs of spiders 88 days after the removal of the organisms (Xu et al. 2015) . The detection of trace amounts of DNA could be very useful in monitoring and preventing the spread of pests; for example, trace amounts of host and parasitoid DNA (from webs, eggs, frass, or pupal cases) in crops and shipments could be barcoded using HTS and non-specific primers (e.g. Gariepy et al. 2014) .
It is important to note that challenges remain for the identification of agricultural pest species with molecular methods. Identifications rely on detailed and accurate reference libraries supporting the analysis, while at the same time invertebrates are still being discovered that are new to science. However, rapid progress is being made, particularly for taxa of special concern. For example, a recent gap analysis comparing barcode sequences in BOLD with a checklist of known arthropod plant pests estimated that 638 of 943 species are currently barcoded (Frewin et al. 2015) .
This represents a 10% increase in two years, indicating that library coverage is progressing under the Plant Pest Barcoding campaign (Frewin et al. 2015) .
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Although still faster than rearing and morphological examination, traditional sequencing also involves a time delay and specialised lab equipment. This will be critical as inspections and subsequent quarantine are reliant on the rapid identification of pests. One solution is the development of real-time PCR assays (see Text Box 1; Naaum et al. 2012; Islam et al. 2015) , which are faster and often portable, making these suitable for scientists in the field or inspection officials surveying for a particular pest of interest. Here, species-specific primers must be developed, or we risk the cross-amplification of closely related species leading to potential false positives. While real-time PCR is a viable solution to tracking targets of identified interest rapidly and with low expense, it lacks the broader scope to identify unexpected pests.
Text Box 1: Hidden Helicoverpa: the development of an identification assay for an economically important crop pest.
Amongst the most significant agricultural pests in the modern world are the noctuid moths Helicoverpa armigera (Old World) and Helicoverpa zea (New World). In 2013, the polyphagous H. armigera was found to have invaded South America where it had not previously been found, and it was estimated that U.S. crops worth $843m p.a. are vulnerable to the expansion of H. armigera (Kriticos et al. 2015) . The larvae of the two species do not have any characteristics that can be reliably distinguished from each other, and adults can only be separated by dissection of genitalia, making identification time-and resource-intensive ( Figure 1) . Gilligan et al. (2015) For personal use only. This Just-IN manuscript is the accepted manuscript prior to copy editing and page composition. It may differ from the final official version of record. combination of one false negative result (H. zea), values outside the established zone for interpretation, and pipetting error. While DNA barcoding has been used to distinguish between these species (Mastrangelo et al. 2014) , the lack of a sequencing step in the rapid PCR assessment represents a significant time saving.
Real-time PCR assays such as this could be used on larvae and adults intercepted at import/export ports or in domestic settings to track the spread of this invasive pest.
It is worth noting that this assay used the ITS2 region rather than the standard animal barcode COI. By using COI in assays, this gives a greater degree of flexibility because inconclusive or negative results can be investigated by sequencing and matching to barcode libraries to identify species.
Identification of agricultural parasites
Livestock disease represents a further significant economic cost to the agricultural industry. In the UK, annual losses of £1.7bn are reported as a result of livestock disease, with a 17% impact on production (Flint and Woolliams 2008). Many of these livestock diseases result from macro-parasitic infection, such as digeneans, cestodes, and nematodes.
During the treatment of ruminants, parasitic load and species must first be identified, usually by faecal egg counts or ELISA testing. Eggs cannot usually be differentiated morphologically, and reliance on faecal egg counts only identifies the presence of reproductively mature adult parasites (Roeber et al. 2013; Budischak et al. 2015) .
Eggs can be hatched in faecal cultures and reared until the infective stage, but again larval identification is difficult and usually requires taxonomic expertise. It is also difficult to determine whether a parasitic infection is ongoing or has been cleared by treatment or the immune system, as eggs are not shed consistently. This is also a disadvantage of ELISA testing, as a time-lag exists between initial infection and the production of antibodies, which also persist in the body for a short time after the infection has been cleared (Roeber et al. 2013) . Some gastrointestinal nematodes are serologically cross-reactive, which can lead to false positives when using ELISA for species level identifications (Johnson et al. 1996; Eysker and Ploeger 2000) . More broadly, the development of parasite barcoding assays could be used to confirm disease transmission pathways. For example, the protozoan parasite Neospora infects cattle but also has hosts in foxes, domestic dogs, and coyotes (McAllister et al. 1998; Gondim et al. 2004) . By barcoding the faeces of these animals, it can be confirmed if transmission is through these routes and appropriate Multiplex PCR assays have been described that can rapidly distinguish between species of agriculturally important parasites, e.g., Eimeria species, the cause of coccidiosis (Fernandez et al. 2003; You 2014 ). These assays have been utilised in commercial poultry flocks (Ogedengbe et al. 2011) , where it is relatively cost effective because tests for seven Eimeria species can be carried out as a single PCR reaction. Schwarz et al. (2009) examined the relationship between the genetic diversity of Eimeria infection with flock performance (measured as cost-per-mass produced), and found that more pathogenic species were associated with lower performance farms. DNA barcoding of some parasitic taxa has been problematic; for example, high nucleotide diversity in the COI region of platyhelminths made it difficult to design primers to amplify the entire phylum (Moszczynska et al. 2009 ). Three new degenerate primers have been tested that achieve 100% sequencing success, in the 6 orders of cestodes and 23 families of digeneans tested. Other flatworm groups were excluded from the design due to high levels of variation in initial sequence alignments (Van Steenkiste et al. 2014) . For personal use only. This Just-IN manuscript is the accepted manuscript prior to copy editing and page composition. It may differ from the final official version of record.
Preventing the mislabelling of food products
The uses of DNA barcoding as an identification tool extend to the final stages of the agricultural supply chain -the finished products that are distributed to retailers, wholesalers, and consumers. DNA barcoding has revealed the accidental or intentional mislabelling of food products, including additions of species not found on the product label or entire substitutions of animal or plant species. This contentious subject has received high-profile media coverage in recent years, resulting in the withdrawal of affected products from shelves ). Mislabelling appears to be widespread amongst processed food products, with rates as high as 41% of 236 fish products purchased from Canadian retailers and 18% of 149 fish purchased from South African restaurants and retailers (Cawthorn et al. 2015) . Another study of 48 samples originating from ground meat products in California showed that 10 were mislabelled, of which nine contained additional undeclared species other than the specified animal and one was a complete species substitution (Kane and Hellberg 2015) . The substitution of products is not limited to the animal supply chain. Recent investigations of herbal products found that 59% of commercial products contained species not listed as ingredients (Newmaster et al. 2013) .
Mislabelling can lead to serious problems for consumers and industry. Consumer safety is put at risk by allergens, interactions with medication or supplements (in the case of mislabelled herb or plant products), and toxicity (Clark 2015). A lack of confidence in industry can result in behaviour change and damage to the revenue and reputation of suppliers, with trickle-down effects to retailers, restaurants, and other food outlets (Barnett et al. 2016 ). Retailers and distributors may try to mitigate this by entering voluntarily certification schemes, such as the Marine Stewardship Council chain of custody certification, which traces seafood to their fishery of origin Some products are composed of the output from many different suppliers; for example, minor crops are often grown by many different small-scale farmers and subsequently combined, resulting in increased potential for contamination in the supply chain (Galimberti et al. 2014) . Strong manufacturing processes (mincing, blending, drying, and/or reconstituting) involved in creating heavily processed products also disguise physical characteristics. The common name problem also complicates this process as food products from different geographic regions may be sold under common names that lack scientific validity, or have multiple uses, and thus substitutions may be inadvertent (Wong and Hanner 2008) .
With well-defined reference libraries, DNA barcoding and metabarcoding can identify products to species level despite strong processing or degradation and is likely to play a major role in discovering incorrectly marketed products and blends in the future. DNA barcoding has specific advantages over protein analysis that might have previously been used to examine processed fish or meat, as it can be used on cooked samples in which proteins are distorted or degraded (Bossier 1999) .
However, only short fragments can be sequenced from highly degraded material, which will complicate the identification of closely related species. Using HTS techniques and mini-primers to amplify multiple short (100-300 bp) fragments can expedite this. Furthermore, issues remain around the use of sensitive molecular methods for the interpretation of the contents of commercial plant products, given the For personal use only. This Just-IN manuscript is the accepted manuscript prior to copy editing and page composition. It may differ from the final official version of record. potential for contamination during the acquisition or manufacturing process, shared soil environments, or mycorrhizal relationships during the growth of plants (Ivanova et al. 2015; . Finally, a large portion of food frauds do not involve the addition or substitution of species (e.g. product dilution, substituting farmed for wild fish).
DNA barcoding is not always appropriate in these scenarios which may require other techniques such as multi-element analysis or gas chromatography (Ballin 2010; Drivelos and Georgiou 2012) . For example, it is generally difficult to determine the geographic provenance of a sample with DNA barcoding, which could be useful for uncovering illegal fishing or protected designation of origin substitutions, although some populations do contain distinct COI sequences (Bogdanowicz et al. 2000) .
Inferring data on biomass from copy numbers of sequences is still contentious (Deagle et al. 2013 ) and the subject of system-specific research (Saitoh et al. 2016) , so frauds such as product dilution will be difficult to detect.
Regulatory bodies with responsibility for food safety, such as the US Food and Drug Administration (USA), are beginning to implement DNA barcoding to identify product substitutions (Handy et al. 2011) . Consumer demand for greater food traceability after recent food fraud scandals will also be a driver for product validation (Barnett et al. 2016) . Due to high consumer interest and media coverage, it is likely that DNA barcoding can be used to engage citizen scientists in food safety research; for example, in sample collection as used by Naaum and Hanner (2015) . Issues remain, however, around the affordability and accessibility of DNA barcoding in developing countries. Data from South Africa suggests that areas with higher proportions of lowincome groups experience a higher incidence of food misrepresentation, possibly due to consumer focus on cost savings rather than food traceability (Cawthorn et al. 2015) , or a less strict regulation of domestic supply chains. Developing countries Page 17 of 46 Genome Downloaded from www.nrcresearchpress.com by 2.25.220.23 on 10/11/16
also face unique challenges around species identification in the food chain which could be assisted by the use of DNA barcoding; for example, unidentified meat sources in bushmeat markets can pose risks from zoonotic diseases or illegal hunting that threatens endangered species (Wolfe et al. 2004; Minhós et al. 2013 ).
There is some scope for resource matching and sharing between countries with significant biodiversity and those with significant infrastructure, but this has been targeted more at the library-building component of DNA barcoding. As global food chains expand through trade, such resource matching may be mutually advantageous.
Issues and implementation
DNA barcoding has significant advantages and is likely to play a major part in sample identification in the future, either alone or to complement existing methods.
Sequencing mixed samples in large quantities is cheaper than ever using HTS techniques when compared with traditional Sanger sequencing (Shokralla et al. 2014) , with recent estimates of cost at $20 per metabarcoded sample (materials cost only - Sickel et al. 2015) . While the initial generation of reference barcodes requires bidirectional sequencing of the highest quality, subsequent studies could save costs with unidirectional sequencing or qPCR, which would be sufficient for species detection. The approaches differentiate between the high-quality sequences required for reference library generation and relatively low quality but less expensive approaches required to confirm the presence of a particular species. Degraded samples can be used in DNA barcoding which might not be possible in morphological analyses; samples can be collected as raw, cooked, frozen, mixed, or preserved in relatively cheap kinds of medium such as ethanol. Procedures developed in ancient DNA labs mean that even very small amounts of degraded For personal use only. This Just-IN manuscript is the accepted manuscript prior to copy editing and page composition. It may differ from the final official version of record.
DNA can be used in combination with HTS techniques, whereas reasonably highquality DNA is needed for Sanger sequencing. Identification by third parties can be auditable, and a subjective element of identification is removed due to its reliance on a reference library (Clark 2015), once these libraries are built and validated to obtain accurate identifications. Open access tools will increase reproducibility of barcode data further -bioinformatics scripts can be uploaded to github, and data can be stored in online repositories such as EBI, NCBI, DataDryad, or Figshare, although long-term accessible storage space for large datasets is under pressure. Some common issues remain across DNA barcoding and metabarcoding studies.
Choice of methods can also be a contentious and confusing process when designing a metabarcoding study. Considerable lab expertise and resources may be required; e.g. some eDNA protocols have advocated the use of positive and negative air pressure rooms and whole-room irradiation to restrict contamination (Biggs et al. 2015) . All studies must make extensive use of both field and laboratory controls to monitor contamination. The inclusion of mock communities alongside mixtures of unknown samples should be an important part of ensuring that lab and bioinformatics methods development are fit for purpose, e.g. resulting in the construction of reliable estimates of Molecular Operational Taxonomic Unit (MOTU) diversity (Brown et al. 2015) . Finally, amplicon sequencing is problematic, due to taxonomic bias and the potential amplification of contaminants, but PCR-free sequencing is on the horizon (Liu et al. 2016 ).
Once methods have been selected, interpreting relative and absolute abundance of organisms from DNA barcode reads remains contentious. Some studies have shown that eDNA extracted from water is a good indicator of relative species abundance in aquatic systems (Lodge et al. 2012; Thomsen et al. 2012; Pilliod et al. 2014) , and For personal use only. This Just-IN manuscript is the accepted manuscript prior to copy editing and page composition. It may differ from the final official version of record.
while this provides a good starting point, it remains a thorny issue for terrestrial systems (Saitoh et al. 2016) , for invertebrate species (due to primer bias), or when degraded DNA is used (King et al. 2008) . One solution is to model occupancy (species-level) or spatial mark-recapture (individual-level) data, although careful experimental designs are needed before data collection can begin (Schnell et al. 2015) . Finally, barcoding techniques can always be used in parallel with a subsample of traditional trapping methods and morphological analysis of samples (Furlong 2015) .
Standardisation across labs is an issue when assays are used as a management tool (for example, quantifying food fraud) or to inform policy relating to biodiversity monitoring (Griffiths et al. 2014) . In addition to molecular lab techniques, metabarcoding datasets also require the development of bioinformatics pipelines.
Programmes and data cleaning steps vary between research groups; the different clustering methods and data cleaning steps can considerably change the estimate of MOTU diversity (Brandon-Mong et al. 2015; Clare et al. 2016) . Analysis of how bioinformatics pipelines affect ecological conclusions will be valuable, but as yet are rare (although see Clare et al. 2016; Roslin and Majaneva 2016) . For personal use only. This Just-IN manuscript is the accepted manuscript prior to copy editing and page composition. It may differ from the final official version of record.
• Can eDNA and eRNA be used as a reliable indicator of the presence and diversity of living organisms? What controls the rates of eDNA and eRNA production, dissemination throughout the environment, and degradation?
• Development of PCR-free techniques to remove problems with taxa-specific amplification bias and the amplification of contaminants. Investigate the relationship between the products of PCR-free sequencing and species biomass/abundance.
• Development of genome skimming techniques using shallow-pass shotgun sequencing for DNA based mark-recapture studies, e.g. mammals/birds in agricultural landscapes, and subsequent estimates of population size.
Pests and parasites
• Is eDNA produced by parasites in faeces and is it a reliable indicator of infection status? How does it compare to ELISA and egg counting techniques?
• Continued library building through barcoding drives for reference databases of understudied taxa, many of which are pest and parasite species.
Food fraud
• Development of fast, cheap assays for the high-throughput sampling of products. A high degree of accuracy will be required to ensure consumer safety and the reputation of industry.
• Integration of DNA barcoding into designation of origin fraud or wild-farmed fraud, possibly through sequencing larger areas than the standard DNA barcode ("ultrabarcoding" or genome skimming) . Implementation will be context-dependent on the study system.
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Conclusions and future directions
As with other genomics technologies, barcoding data will become more accessible in the future. As sequencing costs and the person-hours required drop, the assays themselves will become quicker and cheaper to perform. The rise of portable handheld sequencers will allow very fast in-situ sequencing (Hayden 2015) , which could be used to perform pest identifications at ports or to assess biodiversity in realtime. With the shift from Sanger sequencing to HTS techniques, more sequence information can be collected. The development of mini-primers means that even information from degraded samples can be recovered where this was not previously possible. Finally, it is likely that ease-of-use and decreasing costs will put DNA barcoding into the hands of farmers and citizen scientists (Adamowicz and Steinke 2015) .
The agricultural industry faces the twin challenges of supporting biodiversity and ecosystem functioning, while providing safe traceable food in order to feed the world.
Supply chains are further threatened by inefficiencies that result from waste and loss of harvest due to pests and parasites. Barcoding technology allows researchers to identify both individual species and the diversity of mixed samples, which we have argued will have diverse applications in agro-ecosystems and the agri-food supply chain. It will require academics and private labs at the forefront of DNA barcoding to work collaboratively alongside agro-industry, from individual farmers to large-scale companies and regulators. For personal use only. This Just-IN manuscript is the accepted manuscript prior to copy editing and page composition. It may differ from the final official version of record.
Drivelos, S.A., and Georgiou, C.A. 2012. Multi-element and multi-isotope-ratio analysis to determine the geographical origin of foods in the European Union. For personal use only. This Just-IN manuscript is the accepted manuscript prior to copy editing and page composition. It may differ from the final official version of record. Figure 2 : Many components of our diet are produced by a food supply chain that is increasingly lengthened and globalised. At the same time we must ensure adequate levels of safe food for an expanding human population. DNA barcoding is being applied as a tool for species identification and biodiversity assessment at many stages of this food chain.
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For personal use only. This Just-IN manuscript is the accepted manuscript prior to copy editing and page composition. It may differ from the final official version of record. Metabarcoding and high-throughput sequencing techniques are helping scientists to barcode entire communities such as agroecosystems.
This could feed into schemes to monitor agricultural biodiversity such as the CAP greening schemes. Citizen scientists and farmers could be involved here.
Molecular gut contents analysis has increased our understanding of trophic interactions.
DNA barcoding and real-time PCR assays identify insect pests where morphological identification is difficult. Traces of DNA from frass, eggs and pupal cases can be tested in these assays.
Barcoding is used to monitor the spread of agriculturally important invasive species. Additionally, real-time PCR assays could be developed to provide rapid identification of pests at import/export points.
Livestock parasites can be identified noninvasively using barcoding, and disease transmission pathways can be confirmed.
This could provide more up-to-date information than ELISA-based testing where antibodies remain in the system post-infection.
Barcoding has uncovered mislabelling in meat, fish and herbal supplement products. As well as misinforming the consumer, mislabelling incidences can result in toxicity, allergies or drug-plant interactions.
Retailers can perform their own independent checks of their supply chains. Certification can influence consumer purchasing behaviour.
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